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This paper is based on a talk given by John B. Large on February 1, 1968,
at the University of lenrnessee 3pace Institute. The talk was part of a

short course 9n noise generation and suppression in aircraft.

',The paper discusses the present state of the developmer t of techniques
for the suppressior of Jet noise. The theoretical wodels on Jet noise
are mentioned briefly, and the "design principles* for jet noise sup-
preusors are discussed in detail. In defining the generation of Jet
noiEe, the following three separate velocity regimes art -cinsi4crcds

(W) V6 Regime (low speed jets)

(b 0- Reime (moderate speed 4ets)
(c) V3 Regim4 (high speed Jets)

The discussion on jet. noieo- suppression considers each velocity regime

separately, taking into account the extenswiv overlap between tho regimes.
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I. Lnoul4
The subject of discussion in this paper is jet noise suppressioc. We
will start off by defining what ve mean with stwppressioc of Jet noise."
Jet noise refers to the broad-band acoustic rediation from the exhaust
of a Jet engine. Whereas the noisiness of the radiation deptnds on the
subjective ractAon of the individual listener, we. as engineers, use a
standard, weighted integral of the radiation spectrum to arrive at an
annoyance value of the nob t. Suppresuion of jet noise therefore in-
dicates a reduction in the acoustic power output fros the jet in such
a manner that a lower annoyanoe value results. The acoustic radiatiom in
the near field of the jet causes a considerable loading on the aircraft
skin, and we may define near field -sppression as a reductian in the
overall sound pressure level. It is significant to note that, ideally,
the suppression must be accomplished without any reduction in the me-
chanical power of the jet.

The problem of jet noise sppression has existed for quft. a few years.
It first came up in connection with the develomment of large tUbojet
engines during the early 1950's. I considerable amoat of work on
suppressor nossle design and development was acoomplpied by the air-
craft and jet engine manufacturers from that time mtl1 the end of the
decade, at which tims the concept of trbofan engines became a reality. A
These engines offered a significant relief of the jet noise problem.

fiecent events have resulted in renewed effort to tackle the pkiblem of
jet noise suppression. It was realised that the high velocity after-
burhiing engines for the supersonic transport aircraft eouid create a
rather high noise level, and noise suppression devices wuld therefore
soon a desirable eomplement to these engines. Consequoutly, Bosing
is carrying out a development program aimed at suppressing the noise
from high velocity sngines.

The eatabliss nmt of strirn4ot Doise restrictions at major airports in
the U. S. and Erope, and the simtanous develompent of sort powerful
turbofen jet engines have led to attests at sapprtesai the ms from
low veloelty jets. This development wast, of cvArne, be acempeoned
by efforts to redute the compressor aid twviine noise in turbofa
engines. However, the lower frequency Jet noise donunstes the smd
field during a majority of aircraft operations. Figures I and 2 shew
the perceived votes levels caused 4 the iMividl moise sources on a
typical %odium range Wrtxafan-pcwred airra.ft. Te jet Dise is seen
to do.mte at the higher tQrjut settings and at greater distances frm
the aircraft.
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11. 1 n

It is rot the in.tent to give a di cusol:, of the theorles of jct noise
generation ..echanlczs in this papor. A brief review is in order, bow-
over, .o thrt we may irictLe topics of present interot,

The werks of Lighthill, R1hknor, Ffowcs Willinrns, and several oth.cro

a uperzonle flow, jet noise radiation is dcz, lrted It/ soun~d go-.eration
"pn. to agree that in t.he jot. velocity regimes of oubzon c iar lo

of convected turtrlence in the jet efflux. Wo call this thc V8 regine,
lccau,. the totnI sound power emission varies with thd eighth power of
the flow velocity. •

At hh' ghr supersonic flow, this relationship muzt necessarily fnIl,
since othcerwine we would be faced with t.h9 Imposrible situation of
sound povwr e-mis Ion cxceeding the available mechanical power of the
Jet. ;e can therefore state as a fact thnt an upper limit for jet
rclationshIp at hIgh vclocities. ,IeoreLicil developments on s rper-

soi Jet's by Ri!' cr nd ffoca Williazz predict Mach wave rncirtion
fro-a 2the Jet, incrtir.. in intensity as the third power of velocity.
Ar. additlc.nil source of noise is the interaction between turbultnce and
th nat'onary shock pattern in supersonic Jets. The question of which
mc.hani=2 dominates the noise radiation wifl be considered later in
this paper.

. 1 The nolse from Jets at low flow velocities has been discu3SAd Mainly
1-y Ffowcs Willir.ms. Dopcnding on the roughness of the flow upstrim
of the 'at nozzle exit, "dipole" noise generatod in this region may
overwhelm the "quadru;ole" noise up to a noZZ1 9exit velocity of
ICCO Lt/sec for cold flow. e' c call this tha VQ regime, because the
total sound power varies with the sixth power of the flow velocity.
As wO will disCuz3 later, this internally genertod noise is of Inter-
est in the 3upprezzicn of jet noise from turbofan engines.

o s:-.-.sr , wc :.y con-.ider three ceparate velocity reZi'res in d-
finir.: Lk ie fp A nernted by tu. w nt jet.-. TurboaeW. cnitr, e: dc-vel-

orcdi dur n!: tLe 1950'3 opecatc in th" velocity regime dominnted b
Vi se. The en:inea used in cu'rnt SSTk desi~ma will opereat ait

C ot .xnCust vclocity in the t-ransilton regine betwcen ".L
'.G 73 di:,rt d noise cmission. Finally, high bpn..s ratio turbofan

cr...... currer.tly being developed operate at subsonic jot exhnu:t
, - duct above thp rigim'e whvre V6 noise becomes appreciable.

• 3. "Tc,=o" , No,..,'n The-or-y-t--ijmrrr,-sion

We -. :, tow ,.cae th.e folloving question: How do we apply the theorian
of ! C nosae to:rd supprnasing the noise from P particular jet ecine.
if wi, for ,xr=.-l-, consider Lighthill's expression for acoustic power
#.nis:,in from zubsonic Jotp,

. Acoustio Power =-, AV8
• " ,,:, po o
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W.2 r-CF11ize that the only fr'ne Farm~etcr is'the Un.know-n conn ant, X
whichl copcr-s on the level of turbulterco In the jet. LUhthillt'z
row. r irs cansiequently of very littlehelpas a Cuide to the f4ifeore
in order to enrhasizc this point, we apply the formuzla to a cultitute.
supre,;.or nozzlo with X tubes of r';qn1 creas-sectfoThal aren. Accord-
inr, to torg-zmts by Rlbner and ?fovcs Villiamst the total noise per
Unit l.cn,-th is -reter ly n factor 4N than the corrc..rpondIng~ vluc fox.
a ales jot., co thnt I.M 'uultiple jet produces as ruch Pownr ir, its'..
Ant~ril ni::ing rc~ion *(of lenrth proportional to D/J,, whore D is the
4,et diro nzc doos the singl'e jet in its 41-4 tims longer mixir-g
relfion. Now, a nr..tiple-nozze suppressor in known to reduce the
jet i-.olse emiscion, so tba theory is apparently inedequatc in this

* applAc8atlon. We -411 return to ti point later in the paper.

Th~~i th~ ~clar theoretical Guidclines has3 forc'.d the study o c
niesrPnressors to rely on intuitive idees and parametric irnvesti-

otion:s. *Certa'in dcs1p-. prin'ciJples have evolved from~ hr almozt count-
lezs supyrrcusor nozzle configurations Vhich have been testcd over the
yprz None of theso principles iJ well understood or doctrentced, a-.d

* A ru.bfr of conficting 'explanations of the physical mechanicms in-
volvvd havz, been advanced.

c i~c or -upr. ieo nozls The~P deinpicplswihh been

iioked will bo dieuszoed, and an attempt will. be m~ade to explain
the =cchST.'_:-s involvcd in the suppre3ion 'of the noise.

III. fj r- ron. o,: Jet ?Voinn:

:r, the r:z~ioatove, we divided nur-treatment of th : .iet I'low into
ttree Zfrnr~te vniocity regines, each characterized by a donninrn~t noise-

* ~~oneti%. n ~c nsm. It will be convenIent to maintain a 3imilnr
r.cVrnt~on whrn. cx! inlnf; Jet roise suppression =ethod3, even thouvh
th. V.;kit I,-rn~ 4 A, _ to zuch an extent that the dividing lines
may;~n rather crtificA~a1.

-he ti:;:i. work on Jot z. n. recion durinf the 1950's1 dealt
almZO3,t t'XC1LAvvy ith jcts operntinr- 1n the VL) rogime, and it will
be ap-,ro ;rlkfte to concider thiz; rcjine first.

Fc'r~iir. g o.-. thle dcz-cribe rzathOd3 Of jet noi3e suppression, we r.iu34,'
thu followin- ques'.on: Which part of the jet flow sho-uld we

c" .n order to Obt~iir. optimran oise supprcsslon? Or, Gtate"d more
*m .c~t': iihe i;i thc. jet are the prime gources of noise locatedt

_ .ncv nr: C~h7.11nirq; the. VS rerlme,, we restrict our discussion to0
r:-: rol.c r jc2cngreration. It turns out that there are two =uin,

*op,,o~n c.-piio:s on the problem.

~>..ors co:..-.anly acccuptV'f. noint of view, advanced by RIibrv~r, Is that
Li.e Li r.'int zotirces of r:e locatod in the =ixing region of the
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jet. In the fuill deeloled prt of the Jet, the noise g~m.",*t, d Ier
nt 1,ntth variu3 .inverjely vth the seventh power of the .rz;.ce
from tho je, exit. Tho noise -oneration in the transltlo- rcglon
d toe fully developed jet is assumed to decrease grcduwlly with

dlstanceo omstream, Ps chown in Figure 3. Some experimental evidrnce

for tVi3 point of viw has been obtained by Mollo-Chriatensen in a
caref!lly controlled experiment in which he measured the pressure
field just outside the jet bondary a3 a ftnction of the distance down-
stream from the jet exit.

in a ruc-nt unpublished work, Ffowes Willams argues thmt natchir.g
the two cur':ia of vounl output pqr unit length in the mixing region
and the fully cieveloped jet, as in Fig-are 3, =ay bn mislcading. lie
sugcsts that since we do not know the relative values of the nois-e
gererated fro the two regions, an equally plausible distribution is
thct one swo~n in Figure 4, If this in indeed the ca~e, then the do=-
Mnant sources of noiso could be found in the region between 10 and
20 diameters downstream from the nozzle exit. Recent experimentz by
Pottnr and by Maestrello appear to support this.,point of view. In
particular, &estrello's rebults indicate that the sound sources of
maximi intnnsity are located at least 10 nozzle diameters dotatiream
frc4 the jet exit. Dets the theoretical and experimental considerations
involved in determining this problem are still under study.

In view of thi3, it is not possible to reach a definite conclusion
as to the location of the dominant sources of noise in the jet. in

_ the following dlscussion, whenever an attempt is made to explain the
mechani=s3 undarlylgthe design principles, the uncertainty must be
kept in"mind.

I. _'_jXin Nn'. le jtt Njrnr r The name "mixing, nozzle"

refers to the large class of supprcssors which presuably operato
on t e principle of entraining surrounding air into the jet flca in
order to shorten the mi::ing region and to roduce the mean velocity
r This class includes multitube no:zzles qnd multilrc- or

corrt;:ted nozzlec. Zxamplos of mixing nozzles are shown i4 igures

5 and 6. In desitning mixing nozzles for optimum noise suppre:s3ion, we
apply three main principlest (i) Jet exit geomctr, (ii) Ventilation
(acce3s of secondary air to individual jet streams), (iii) low

* break-up (r.umbar of indivioual jet stret=3s).

In ripplyin., those pvinciplos, we must remember that the auppresion
* ha:: to be accomplished ' Ith a minimum p:rformance loss of the Qn

Ps Ech of the principles of z~ppresion requires for its com-
plctc and neparase definition a good deal more infornation thon is
nr:,aently available. Lven so, they have assised in .he desiLr of
urp :'c siors wtich cause the total acoustic power gnerated to drop
to e:z.-thirtieth of the unsup ressed noise, or a 15 dB reduction.

(I) Jnt xt_ - in Figure 7 we have defined some of the rara-

z=et, : of interest in the dc*1i of mixing nozzlts. We have sho.
a multitube nozzle, and in the following discussion we will reLtrict

4 . ourselves to this kind of rmixing nOzl., with the undorstanding that

4''
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this r.r!'i=nrn Ln may -be enaily genei'.iaiced to includo'culitilote nov't es.

ratio of the arent circ:: ibiag 60 mixing, nozzle to the arna D,
oC 4h orgt-nnl jet nozzle*'. Incrdlilng the area ratio lids tor An-.
incr.'e:c I" the rate of 3oe6ndary air mixinii, This promotces the
d'!velopment of the self! preserving jct closer to the nozzle eit,
so that lo-. frequency noise, suppression. rcsults from the shortr-nine
of the tranaition regione ,.WeknoW'.~hat a =nxiwin amount of noize
supprezsion occurs when the spacing between the individual nozzle
elemecnts approxi'mctoly eq~uals theirdIn~ter) causing the Jets to
interfere at the end of their mixing regions. This criterion vould
seem to define *n optirz= spacing, :or. area ratio. As the area ratio
is increasecd further, wo quickly reach the point at which the elezernts
Pre s3 widely spacnd that t~ behave Mie individual jets. 'he s.a
of the--.r aCOUStic Ipowers is en eaual to that from the sin~le primary
jet, so that the only effect is the abift in the characteristic
frequency of the noaise.

A3 it turns out, howevor, the optimumi area 'ratio is not unique. It
verivs -with the geometrical arrangement bf the tube element:;. and .-

increases with anincroesing number of jets, as shown in *Figure S One

nozzle incresaes, it beco. more diflficult to provide good acce3s
Of v.-condn:'y air to the center part of the nozzle. Consequently, it
is er~y whcn the number of -tube elements is large, to increase
th-a spaeine, between the elements to- a value 'beyond the optimum in order-

Sto p.rovido Cood ventilation.

(ii) Ven~tilation - F~or simple Cases, it is possible to ccmpute the
crocs-:,c ..ional ai-ed needed for adequate secondary air access to di-'

vi(: nozzle elcrments from theoretical considerations of jet mixing
requircncz.,ts. However$ this .compitation becomes lens accurate when
it is applied to hot Jets, or to a mixi~ng',nozzle with complex elemen-
tal nozzle terminations,

;A. hniz hven mn.tained that acceas-of iccondary air to every Jtet stream
i s.-7iinr frcm the' no-zzle should ba 'aagood as possi 'ble. The effec t ofr

".tjv~ti~" on 3o1s suppression, however, is known only in a qun'it-
tive way. Figure 91 illustratoes an experimeint by Rolls-Royce on yen-
til-ition effcctat. The graph shovs 'the varilation with jet velocity
Of' tho no'.ie from a hcxagtnal array of 5 nozzles, And a squnre array
Of &2 noz21-s, comred rwith thnt from a sinale circular nozzlt nf

Vii nn- ota sr . ~s~tc tmsmller area ratio and s-mallor
of LA lcmntz th sqarearray gives the greater Attenuatstion.

Thin; nu.st t attributed to the oasy access o secondnry air to the cen-
tor o. th square array in conparison with the relatively poor venti-
lation of' the hexAgonerl array.

Recent inventitatiorns by 1ocirng haike shou.n that the ef~fect of venti-
lation on th.e noise tuppression dix~niahosas the jet velocity is in-
clrCIAzed, and becones neigl~gible at Jet . prevsuzre ratios above rnpprox-,
irn,%nely 2.0 to 2.5. -Figr 10 shois the sreived noise suppresssion

4 , achicved with a five slot nozzlo to "the* secondary air access routes are
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i~r~. brlbockced off. At let prjz-rjre rdition o" 2. 6 nnd 3.0
..he t-f f:c.j ot' vtent1laton nre,,rmsct'-c!,lly neglig;iblo, whar-r:.-, at.S t~ 1.t i.:en:re ratio of 1.8 th--..rc Is nl great lo-M in. Ln~e no.z_-
rre:Ao.. n.; ventilation is rioduend. Figuro 11 3how3 this to to- due to

1 Iic-- .-Ar I- !di1h f rcquoncy noise, which 1s prccz~nbly C3.'reryj ie d
close -0 U-x nozzle cxis.

I~. Cn...f*-ct of verntiln!tionD, however, .s maintained even at high Pnt
rc~zr .tios. Th#e loia~ in mc.O-ured jiet thruct incrarzas GA 1-

cnntly nz the --ocond*ory nir access Is blockeod. This can be account,'d
for fro- COnsid-,ra Lion of he boc.e drag.

* iii) ?v r4r1D-Bro-up o!' the flow into a mmt-er of irndivli-
duil let ora by menns of nutitube or multilobe nozzle:; Y.-3
'LC.:?. 3hown to result in large azoiznt of ict roiso Ti-.13

rcutis sublcct to the condition that th; apacir.g etc*r the ind!.-
v!d~jnl lect elcnmentz be approximati'ly equal to thei r diameter,, In the

* cnice of' circular elcecrntsp or their widtht in the case of lobe

Ee41 1usatr. tnefeet of flow break-up by o drn uU
tube noz:is or conntsnt area ratio, but witlh an increasin-g r~'rof
flow tuzs Fijure 12.show-9 the variation in the jet noise spectra. it

Lr~sr that two znir. effects ri'sult from increasing the n~Lber of
fA.&- (lc.MCent3 :m- dc=rinst rc*aion in the noise spec.r= Is :sc~n to

Chf.to hirer frequencies with an irncre'iso in the number of tuVj
.hi3 !:; Accozplnied by ok continuous drop of the hi&b frequenc-: part of5 ~the rctrnrz uetil. for t-he hypothetical case of an infinitenu.e
of tu -.;, th.e Li~ frc:qun!ncy piart no lorger donintes. 7hO sound s;p-
;'ression in. the low frequency ;ar* of the spectrwu appears to be in-

* dependen. of the nr.ber of t.ubes.

(1v) Th : o*f' In~r r.' rlnr - 'W -411 att=pt to cxplnr 'Ln'- nlj%:
;-.jinctior. =ach,-n.ss whichi cau3 tes chmnj.cs in thr noise Spl' Ct-a,

* (Ccr~In in -. id oar unccrtainty as to the location of the !=nrint
norf- of' rnoio., In the .14ct. 1n r. e ral, however, we mvyI &aser: that

~v. .~ rem uency rollz I.i r-ntrated closcr to *.he nozz1e, !tnJl th..'
lowi fre nr'rnc-y rolzsy f'.r% .er downstrem in %hc tran3iter regior nr.d

ulyde.lov 'ct Dhti4 * endi on the ;oInt of view, the
do=n.nt frrequtincy r-.'6r& 'n Ih' Ios cr~ s~rtde~e

r~tt,* (?~of mlw* potent~ial core or wecll Into thc transition Tv Ion
* or the 'rt. .

CO:.'!..>.. tvc zwrIrr- zl mxinr. t't)kcs ,t'. ne is th'r.
x'. of th'! (-1C'n-.1n1 CI*s Z1 to 6the noz71", e-Xit.

- o&' th(, nois',? zencroitd inc'-ch r.-

'.o Of thr ,i'- It. A,(-r thz~t a~n nc.-:rI. nri
-- _0o U haw- Vxo Pffrccts on this osx.rzy
on -chr-c .-.stic frequec!m of the noine wi" bec.''r,

Best Available CopyM 6- C



, ~ no them rvrcn ratio in-croc~re-. Thisi nffect 1 ja n .cnt4!d by the Inc'r 'sed ~ 'Is
rnt. Pit, whch tbo J, "low Voloci ty 13 reduced.. Incrcnning Uh rn>J
ri'tio r~lr~o l ~~to i-*-cter ratc, of * ixi n -Ath the ~urud;gar
rro.otdir.,:; th'- full dnvc~o7,n1t of the, jet clo:;7r- 6~ the nozzle 'xit.'
The con:;cqurirt s~rr~nn-. of the mixing rcgion and the tronzition re-,
,-o of' the coalesced lot account'for the sulppressio6n of the low fro-
q ;.. CV 1OI. 01,1

','ho' ci:t.r:, ctoristic frrxjuoncics of the noine generated, in the m~ixing
r .O- O to . ccntil jets will incroarc Ps the dinnntrr of thle

r.tz 4,n This accounts for the frequency Ini f 1 o f tkhe do=-
;rtof .h, spectrum with incrctnoinC. nu' rs of flow tUIX-50 as

nho,. 1,ni~v 12. T'I': sun-proccion of the high freqenrcy noise
il nore natter of' cor'jecture. W4e know 4that incrensinC the spncing

-,1.-: clcmer.Lrnl J,-'3 1c:-ds to an increase in the high if'c-
eU7.:. rOSl Presu.a.ably, this results from~ the incrcozed 1lcTn[th of

t.~ ~ lyacting elcmernl jets. It has, bnen 3uggestndat,
n*t :-o o tiu c-Pncing, the scccrdzny air induced betwcn the Jot

Jcr.zc:, ::eo zroi,e suppre-31on by reducing the moron shcar In the
'S. S~ V~led i-. partly su-,tfantiatcd by the experimental. olbser-

vi-ticr. that bloc'..in- of'f the~ ncorndrr air recess incrernos the high
rc,7uey ncise Zncrctvion (Figure 11). ilowever' as we dis3cu:;cc
in.....e.~e sectiLor, th-Is effct decrevies with increrli,-, flow

-;1octy .n:1! ap~arerntly does not occu.r at 4,-t preasure ratlor above
~ twhic h th-( flow is choked. Another possible Suppr)-CZ3,o. MCt;-

chr-n.5. z h, shielding of the high frequency noise, rencrntcd by

tne .~lst ir. the center of th'.- flow, by the-circumorential

2. j. .'t r a Having corsidered mixing nozzle
~-~~or~rather .:rghy e will now go on to a hr'.,f diqcuszior.

o' r::~ rnoziz-n wcn rely on sepnat,! or ndditiornal techniques

a a n , areduction. In th, nicountic power output.0

_ _______ % c definc A directional nozzlie as, n z-ournd
.o ._ch pn ti .rtly or completely or, tht- princl-it or re-

ui. ti thr ricoustic rr .intion. 'At h.-,:; ~ ~ ir ::.in'.
11-., tnit ti.,, noi - rnk' I'l Lon. ttter m slo t or rcc n -,u1' :

ip't1--,A n*out U, Th.e r zifniicmicc: of h elr

r. rc ntt-1 ' tiperaOftonal Use. As'hile iisde~irable
* to achiecve large noise rcductions it all directions and under all opera-

ti:.1con;ditions of an aircraft, the primary aim is to supprc s the noise

Lot...ard the co;-.munity as the aircraft flies over.

r i. pat, :- :rin fvcstir,,tioxs into thc. roise-suppressinr, qualitie~s
* o' tt. noz-vc!; havc bcfr. condutrc. Fia;13 show: tho re-.lts

r.* wthone ;lr ticulnr typt:-. it io of intere_-t to note tat in
c-io '.*.--o t:o -'derablo no-,:;,. suppre sion in-bhe direction nor-

nnl -to thi- short enis of the n~ozzle, there .'s also a reduction i.the
~-. -'~ticrtiajo, . de mny reformulate the design princi-

'cVS 0!: 1101se _ur~z;crlo stato thal n reduclion In the To'ac .x'r
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'n L,,, o~izincc] r.rer... in t:~nixint- p-!rir..-tnr of $ ~ ,'
.c~ pronntmcecl 'ir.'atio:'ty of th'rrdiation In rnol no;:U

AM' fr-q- .onc nih:* u-yni~~ rrc
-:; 'thly lim ,r tiz R4 '-Axinr tr: rl ti L,;-r

!ni~ r n .orz.-- fl.ow rcgio4 of hih enn sir rdirnting hits f'-

ohx x~n or. -mcixir.j region reduccs the igh
rtidintion off tho sho r 4'z~des of the jet wolce./

(ii) ~~~ -*:.r. e-jictor- %rztn i. prlm--iiy 3th s-r-Cio
I d c vice.- T: j-. d Is c *-,nr Ci.r.: f r o -; thec p r ir.ar y r. o z CnI rx P: -4t h.
I cntri~ircd nirflow withir. thc cylleidricnl sh4rod, rcs-ultini :. yn

~.tedlet of' low~er vrlocity. tT w.e consider th-e acoustic po-.cr
output of n jct to very a thc right~h powe.r of the flou' v ,-ociL, zhe
feject-or .syrtcrn sec:ns% very attrnctive for the purpose of supr- eS:xn;

,nves*.-*,,.!,1on.- h,-vc: nho-om, howcver, %.-it -n ec~ . ejcr 2.fesjt-h
is rcSured in order to0 pro'oto sufficient mixirrJ for E, p.If' c = %

roicn rciluctio'.*icirt.' results fron. tenting a sinple cnc!<L
n~z~ with eectois:- of i-er-tingr length~, shown in Fitgurc 14, at

n .,rcctor longth of tho ordcr of 20 nozz-le diemeters.

'"he :Axing of ~~vr -trz- c~~r ir will.-~ irncrem-d conriera;1Y
~~~by r'~.2:cto:' in t~b:~r *.*') 4* ~aLin nozec. The

r~iy ~' ~ to twa o 0: %hree n~ozzle dliaterz. &uch jco
I C~ .'.fLV hnetcer found to cnut; a nri.e ,;uprre~sion of 3 - 5 d~jb?0r

thit nchioved with the m~rE nozzl-, slone.

-a* il! ~tr to n -z :cu-ic-r of c.1n,.or nyotc-33 later ir. 2-..-::;
_r,. co r .4-Cion vil :;L~ppr-' 4zon of nolne f"' hig veloci.ty zrt

(~.l) 3'j -A Lrzt ~ '~lcen condu.cted n,-3'. to
c: i-.'. 4:s rf-ffct of':hr2i - nn lr pln'" to0 I.' .: t

:'.xon th , tcou:zt1c rcid1ft:..on ':"t-" jel. (Fl ure 15). ':.c ~-
t~~l-7C ~ ).OAZr.'y~:~L;:~ * 'cct-.vrn-'SS of s b>

tVIdi zur.TrL;.;ors, or Ci fetcf renrby ni.rcrtrtft -cctons In r-
r thie nol..i;r lvols in r, :mccjfivt ~Irection.

2 c.-unlC t;/.t in ord r~ -c22r .ZnucCC t:401(u tt.
*~n nl. n ',. #y n Ir.s. t*

I.-to Cou

0 .'. shlcld for 4'r. i

d2~~fotv:c. :'cr '.he r2xin,. no-zl.: 1_- Ju
ttc~ t;~ Pen": of' t'e ii: :;c is sh'fti.d ',o .'-.I r ....

All.
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* .C- o.. tLE,-*~ vcloc.; grndicrnt- In the :%).I. T'-,

LUZ( .11, ml ficnntly, inrd ouwht to recult ir.n

'o:;,t..' ~Icton r.o'.-c gc..';tc3 b; . h je(t
:.c. :~.Al. X~~V'%ue . or tb..' cl.city ?Ittlo, th~ro1' .:.r

~~-'. ~ ~ a noicc-zupprexline rmeaI.-1cr of t tyr-o

* e.,:-*..tr-Y -.:d necondriry 1io-.. It w.as foid that moaz. of

t!.c rno.Le d ippeircd When *.*-c zcon4avy exit Wr~s *-i
Gra.n movitn: on.e nozzle diaretr beh'rd *t priviry exit pl.e.

% t::.. t n':1 z ~ o r~ e, ha=:it te t.1 t-
to lario of 'et

q!~ 'c..) f~ ull sccle as Ims been dcor.-.trated in =~al
of nr .L r, -

* .. "or .,.c fl~ow o :-'eoncn- r.i-. -J ' ,-t

-:-Co

al~ v&, 1.r- S. r.i ir. Irv%, Ir.4 t o

.r~.j ~ #-.~Z1 ftl1. '-k:1 *'w3

*3 ..-. c:.*..*. ou *.*--le -**c---1 c.* ec

i - o-o-t

U-o or.o!.;. Pr c. * *

g~~..:l *A' -. ' - , :*ach vah..Av1t?: .?An
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Ld-Ien Convoctccd 'it zupersonic veloci tAh-a with rr~zpect t~o of
soluJ .n thc mn'':t~cdi-xm. Thir S mdi'ntior. Is St~g: ' C 'a',

C!itt~rm- 'r.-0; Lthu uln mcle ofO =co:icV; hee W
c o r.v ,c Li c r v,. 1o c tyV of I -, c d A vr,. The occondc mchrn.rm the . sr-
atien of nournd t1hro-ug-h the interaiction 'of the 'turbulcnca wl.t'h O'.rt-
Llon.xv* ihock w~voz which are f1ornc' i-n ove r- xp and ed or undcr- r q'.n-

~U]~r5O1~CjE .:3.

Acou.-tic cnswith let: a. high1- nuperzonic velocit4.1%; clearly
nrdlenitc tle OojmrnTnec of thc Xach wave radiation. Ioecorkhw

ledge -'s vory 1.1m.II':d w.,%n ue attempt to) predict which ai'-n:
n*tin,-; mchfinism dozinitus at low Supersonic-.1ach numbcrs. aiuv~r'5

th-'ory of turblence-3.Ock wnve Interaction ir, rot yet sffIckinty
Sto permit a realistic an~rainsal *of' the inte nrdity of the

noi:sc gencratcd by this rnechrtnis,-n. The most conv~rncinf,! cv~dr:rnc: of
'. !;.oric has L-r fon in n.Md~,'L :raph picturco Of ,uipc.,onic
!s, In which ztroni; acouzt~c rrdintion'ir, seer. to emnnate fro-r~ Uzedzhock r:insin the flow. Di3rc,:;i1rd~rng tho aock-ir(.Uci~d

nol.*sw for thIe mcm.t, it I.s clearly e.vldcnt that '6here is a vtulocity
c~ri..,zition at wich the qundrupole noise ceases_- to dominate, and

w-ve~': radintion 1:ccomas importrnt. We muzt herc conr, Ad.r .:'Voacs
~:~'argMentc. that, wh,.rcais qundrupole noise A'. directly pro-

;or L',:A. to t;.c nuW olf t.-., turbulent eddy scnle, and inve rsely
ro; artin~l t.o tnre fourtnr power of the eddy time sculce, ::-ach wave

rid>onor~ tho cotrary, in inversely proportiornal 1,o thc uhro
of t. cdcrile and dircetl.- proportional to the time scal.e.

drupolc -zodc or--ravatc'the IZlach wo-n case anid vice versa. h
e rU. rca the poszibility th~tt suppressors known to c rood at

:,ubsc-..c rp1Evdz rih well be vcry poor at high suporzonic speen.s.

Jr -hI~r Sj-r- Z2.r W e w11l dis-cuss th.. rtc-
.-. !a ~t of terto w."Lh .-,cnle model =-.xirj- .:r Z1CCU;-

rL crz in &ir. ntt*. mpt to. suboztantirac the argumenta of the pr,'eec-

v.f.~t n'z't~cnwn:a conduct,.4 -v.* a zix-lo ,e corrut,--.t
.. : v;f n ri~tio 1.6. T'n, tc ~~r& rc,_iveu, roise lcvv1 T-

~ elti'*tost~nar m~:2.! s s;hcurn in Firgurc 23 n-,- a
th -W.zl: -xt vclc A y. 'hc iprsinI ;nt
h %reloec~sci ty up to ,. "u." veloci.ty of. %XC>

* .... /, . ., ,.:h corrcaljonds to zonic eddy convection velocity
c. t . ound zpoLd of the surroundnf ar. At highcr

ccth 3u;.,prussion dvcrenasu-s raGp.dly with increazino

rn%!.o .. &,in .;hich uch elerncntil Lu,,c *n~jc.in

~ YiigUre 24. sh-ow.s the rmcnurud 3-opyr'43sior
%.j. t'.e c xlt veloc~ty. It is 5parcnt tk.t inr.1 -1

.. ~~ ;..*... .. cus..on i.s muaintaincd as the velocity irncru:.s.'s

Best Available Co18



.. ~ ~ ~~ ": 7].c.vc ~ h vocoi t .:f n~~o

2~2.flc. '.Ic~ ,y. .; . i... ~ vc~oc'ity c'f thce.u7:'~~

~, ~p~~rL t ~ I t.m L.-.tr:: fnctors for *tt!c u:;o of X4

-In thc ~c:g t.r:*. .''

of 2~~-1-0 .. - , C. i

:!: vrc ty. nh ~rotionr 4f i "1cit in r, if~cOA.rtO

*~ozfor tc3=T --j ~ic.1ve ~:Ur.I .~

~<y ~.c ,-Lisc thc ~i.i of' th rir jt&rdccr
* ~ ~ ~ ~ ~ ~ 1 * x cu~ ~-.~ y~~c~ f2.ow. hc1 -z

* .~of nn .5.c-ir.. me xu~ nkr., thc uzc o' a :- .-
a~ coz: ci t- ',~ i probLc:7, tnd therefore, *,-c '.1i .'a!
*".;a to 0e ,;d on '.h( ma~ry cc.r.,zit o' a zscrci: f z
.. C crut(xz pr. th nto the~ fli fromr the c-ector wlj

i 2f1 .; rz .: r( UJta froz, -,uc-h a conf Eurnta,'-o,. L
~ ~ t~ r~:~.c-c~c ombina.tion. procuccz z : u:
.'.~ ~o'a. cU..nu, Lut i~th th chu*,e.s inser*.cd-, a 9 F.;d

I o 1 . *.. n .. . r

for.- i. .

Lr r,: of r, u . L

G 7r

c .:f~ct,,cy o 1c

I.,V U,6i0
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1.:t, ly ICOO ft. 11 r.11XI-~IUM LhrInIt, thP: nV nc' Wi~ll LC 1#

b;:;rtiUo tubuf%. en,:;ncs curr(ently lur-In;, dc(velol.&d hzavo a T'l
;;'y t cexh.%i.i.vclocilty of' approximutely 1250 ft./se c., at whE*chr

orculculation, s3how both sources of noise Ito bu of r.qual1

Wo~ ditthtth~prec&Uin cnlcUlhton 1.r 1~do r':o
... '..~I' mvt e Or.~ only, andU could bt- in. ciror by a cor:;icrbi,

f .,C tor. Jo.ita 'xtpcrim', .tal c-Adcencc, howevor, has LVc rn obotr.Intr.d in
e:,ots with nir j.-;.: in which t .i turbulence l.rel 1i;;'trerim of h

noz7.1c -xit. Fn~... igure 26 --hows Lho incr'ensc in the cacoust' c
i*owc- unis~iion with jet volocity froti a model scale aet under tw.o

~i'.~ntupalstrea:4- flow co:nditdons. The case of mohuzr'jr
Pl-. s.ho.... a low noiso level which incroasou nis th(,' .!Lht II^ z Owci
of t-.e. vclocity. aitn hl~hv turbulent flow upatrcil. of1.,
nozzle, th~noize icy.- .- ' . c i hithcr at-low velocities tha-n in
th- fir-st cr~sv, r it irncreascs as thc sixth power of the let
velocity. Th-( inteo'.ctior. of' the two curvcs would Aidcnti1'y th(e
-vAociv aoewUich LhQ Vl^ noise dominates.

: . cv-icn, nc Irckjnd In Va~ts with modcl scaile zupprcsnorj
z~zl~ '.eri:fcr lrxick to teresults in the low veloc~ty refion

~ 2.3 e:;c24. Thc no,-, s-urprension decrceizics -hn.p~y~

* ;o *>e t L:2.o~y i.;~lw.rd both wi th the 'six-lobe corru~ristcd nocz-
-1 :id tht thrysw '.,..be nozzle, anrd irn the first cr.sc, i.tI

* U'.L., ; w nI;tL' valur-,i in the Low velocity regior., indicatin~
nn inerc:nzt- in tl~r gceratcd noise.

'411, ,rAt tiv( y rc~. I'-ozm th- discu.-~or. ncox,c *.t our no orQ
C.: *; .;,;r 'ki~:..jc~.se o Ihe valid in zh, loo. Ict

-. .i:X Z ~ ~~i~r.of ViO I:;~ no-' .., .. *..-,.Ja
~**~ ~,'~ ~,j.Ot'~lno.sz, nz4.:czor3r. in .h" ~ff A.nl

~ ~ ~-~::; t~.t t.. jetr.O~5'rcGIuc Lion 'o.1~
z- nr-:,tora i s L~.* O th..- di ff c rrcc Ce twn o ~

of" VY noi:,e nd T- noL.,,. As we ha~ve ica..dcri.r
it~da for today' - turbofan enginC3, ad acz o

.:t u irt. ,,tcr o n;u[;,es t' at furtheriprv'c.t .th
.. :;.ct ' uit!c f r'L nf n:.es z by rcn

I .>. but it a; c- arn valui, of 'xt..rnal noA 1 Sur-

... ,.d a ~:..t.. nezt~.rv~. erodynruiic flow of the,.

4 z i.'fo c t. on ty, i -1o ;,r%_ 3.. z n
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* O.Caf%

-, .. ~ = ir.t! of" tile str~etura. *i:..

* ~ ~~ f" c' Z' . . 0~ : t n~o!~ on, ~v
1*~~~ c*~ * * .ou-, c :r fi U Th2

k ., C,'* **t:. nc* ~ aer ;ro cu -,'u W & .t~ a'r

c o. r ~ v ei1t. a r;i %ter cf c c. n te n r Ir Id -..6r

.rr c. . c~u.d Jc. frL

J'*. :.tjz :;f;:; . icl'iz,, so rn. az .

*' '~: .. t4:.~.~.C jc iscozinated by 70 ~

r* in far.Lr Lick' roi.:siso:

* ~ . cor.~r:.r.; c-ucticn th-t re&r ficld.

.a-* c Sul

* . . . St t

.** ~ ~ ~ ~ ~ ~ r r'. x~.2jt ~t ,a

L r~i L~ (c~. 4nl, th. qu1,:h cxn low

-~~~~J Z. 4.. ... a ....

* I 7~. .~VX~iViq~Sp LA r.

*n- /..:, vSi b u =x te - -. ,.S
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V..

~~~~~c *yt3I. in:z or t-c

the f~~m- cc.-. !I zi cl!r, v ~
T!. roc. i.-s nA c. .: .- gvrC atc. =1on.

of.. 4wrt-Ir

3.0z;, mn.,. 
a-i. a-- rfce cnjIdr

ctinot t- iii d nec t.hc jet r.0i::e rtzductior. wl! n .tcl

.;Ul Tr....or rno=:: i:s d:i p'drn L on .?It. let V( loci7

i~nl. !: orc or..-r. wO dscw:1-IoT.. :L is krnour tJhz4 the:~'~~
of zi. ;ct irncr. :.zr, with. lcr-tzsng I'ct tmpr:-:.'.:rc. T.

zy . ?Ak- r -.nrll &=.it. 'Mus i .n~.g2 or =-Y-imr rui.ztion Ir.cr-t:*: z

ult %zis ng .4c*t t-c-erawr. a u .1a cX.-=.,jcz IS nw....

s. drcr~n..xof z*.-oc, w..vc - turucnce IT.terneLlor.... A .-=

.~~ur c' '~.c~on c.xmc.. n-. ir.Crcfl3e In. the flow Maceh ~ *

* -.. c not. In it -,ou1ion w. prcdicz. the efftet of thA e i1.

irse~ zhocx zt.rucoture on tho. nollsv levelc.

i~tc??.::d t o F-1igu*t we note L alnthoui:) t.hcrc ':,z.
rt, -- *-7cy::- *. I cv sre ad i r. uth m wprc 3 ionf. ~t a vi~ th t t i=I

th- ti.3 rcad !.: =:;Ill i.n o~rnr -4th thr: tot1 --up-f-331Gr.

of 1.tt7;, ,rtut;or. t'.;u nolzc, .-upprezzior. chsracwcrisLics of u'

r IzL s £-;All C.touh to L--- nectcad.

Best Available Copy
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